Endo-1,3-1,4-b-glucanase (EC 3.2.1.73) hydrolyses mixed-linkage (1,3-1,4)-b-D-glucans that are found in abundance in the endosperm cell walls of cereal grains, such as oat and barley. In the beverage industry, b-glucanase is used in barley malting and brewing processes to reduce the soluble b-glucan content in wort, and thus to improveˆltration of beer. In the animal-feed industry this enzyme is added to the cereal-based diet of poultry and pigs to remove the antinutritive factors in cereals and increase overall feed use. 1, 2) Development of recombinant enzymes for cost eŠective industrial applications has been the research objective for many laboratories in the world. It is essential for desirable new-generation bglucanases to be resistant to high temperatures. The eŠective degradation of b-glucans during mashing relies on thermostable b-glucanases. For the animalfeed industry the enzyme must survive a pelleting temperature of 75-809 C. The objective of this study was to improve the heat-resistance of a rumen fungal b-glucanase through PCR-based random mutagesis and screening.
The b-glucanase cDNA clone, designated glA, used in this study was previously isolated from the anaerobic fungus Orpinomyces joyonii 2190 in the Lethbridge Research Center of Canada. The deduced amino acid sequence of the enzyme was identical to those of LicA from Orpinomyces sp. Strain PC-2, 3) although there was a two-nucleotide dissimilarity between the glA and licA genes. We designed forward and reverse primers, glA-F (5?-CCGGGATCCATG-GCTCCTGCTCCCGCTCCTGTT-3?) and glA-R (5?-ATCCTCGAGTTAGTTTCTTGGTGCATCAT-AAGA-3?), to amplify the glA sequence region coding for the matured protein. BamHI and XhoI restriction sites were incorporated into glA-F and glA-R, respectively (underlined), to facilitate cloning of the gene into the pGEX expression vector. A translation start codon was also placed downstream from the BamHI site (bold-type letters) for translational initiation of the recombinant protein.
To generate the mutant library, mutation was introduced into the nucleotide glA by the inˆdelity of Taq DNA polymerase. The 100-ml PCR contained 1×reaction buŠer, 1.5 mM MgCl2, 0.2 mM dCTP, 0.2 mM dTTP, 0.04 mM dATP, 0.04 mM dGTP, 50 ng template DNA, 20 p mol each of glA-F and glA-R, and 2 units of Taq polymerase (Promega). The reaction was thermocycled for 50 cycles of 949 C, 30 sec; 589 C, 30 sec; 729 C, 30 sec in a TouchDown Temperature Cycling System (Hybaid, United Kingdom). The mutant expression library was constructed by ligating the PCR products directly into a Promega pGEM-T vector. The ligation reaction mixture was used to transform E. coli DH5a ElectroMax competent cells (Gibco BRL) by electroporation. The glA mutant library was spread on LB agar plates containing 0.05z barley b-glucan (Megazyme), or lichenin (Megazyme), and ampicillin (100 mg W ml). After overnight incubation at 379 C the plates were overlaid with 1z agar and stained with 1z Congo red and destained with 1 M NaCl solution. 4) Colonies surrounded by a halo indicated b-glucanase activity of the clones. The clones with a bigger halo size than average size were picked into 96-well plates containing 150 ml LB broth and cultured overnight. For identiˆcation of thermostable mutants, 20 ml of cell culture was transferred into the corresponding wells of two 96-well PCR microtiter plates containing 20 ml of 100 mM sodium phosphate buŠer (pH 6.5). One of these plates was placed on a PCR cycler block at 559 C for 10 min and then chilled on ice for 2 min. The untreated control plate was incubated on ice. Enzyme assays were done essentially as described previously 5) except that 96-well PCR microtiter plates were used in this study. To start the reaction, 40 ml of 0.8z b-glucan was added to the cell culture. After 10 min of incubation on the PCR block, reaction was stopped by adding 40 ml of stop solution (25z K2CO3 and 5z Na 2 S 2 O 3 ) and 40 ml of 0.3z 3.6-dinitrophthalic acid. The absorbance of the samples were read at 450 nm with a Multiskan microtiter plate reader (LabSystem). The residual activity was calculated by comparing the enzyme activity of heat-inactivated samples to those of control samples that had been chilled on ice. About 1,000 clones each from two separate libraries were screened. A total of 21 putative thermostable variants were identiˆed. Sequencing of these putative clones through a Taq DyeDeoxy Terminator Cycle Sequencing Kit (Applied Biosystems) showed that seven out of nine clones from theˆrst library had amino acid substitutions and eleven out of twelve clones from the second library were found to have one or two amino acid substitution (Table 1) . Among them S144, S160, S177, 2011D, and 212H showed an identical mutation. 2011D was chosen for further study.
To express and purify the wild-type and the putative thermostable clones, the inserts of the clones was dropped oŠ with BamHI and XhoI (NEB Inc.) from a pGEM-T vector and cloned in a BamHI XhoI digested pGEX-4T-1 expression vector (Pharmacia). The resulting plasmids were used to transform E. coli BL21 DE3 cells (Novagen). The methods for induction and puriˆcation of these recombinant proteins were as described previously.
5) The fusion proteins wereˆnally cleaved with thrombin, and glutathione S-transferase was removed. b-glucanase activity and thermal stability of the puriˆed enzymes were measured by the method described above. It was found that only 2011D was thermostable. All other clones had similar thermostability to wild-type enzyme. The results indicated that the thermostability of bglucanase variants diŠered in the crude extract and in puriˆed form. 2011D had optimal activity conditions of pH 6.5 and 459 C, similar to its wild-type enzyme.
3)
The K m and V max of 2011D were estimated to be 0.98 mg W ml and 4,574 U W mg, respectively, in comparison to the wild-type enzyme of 0.91 mg W ml and 5,320 U W mg, respectively.
3) The temperature at which 50z inactivation occurs after heat treatment for 10 min was 529 C for wild-type enzyme and 669 C for 2011D (Fig. 1) , increasing by 149 C. We have also measured the time for 50z inactivation of the enzyme at 609 C. It was found that 50z inactivation of wild-type enzyme took 4 min, while 2011D took 11 min. When stored at room temperature (about 249 C), the wild-type enzyme was totally inactivated at day 11, while there was still 70z activity for 2011D. Cross species sequence alignment had showed that most bacteria homologs of LicA, including highly thermostable Bacillus macerans b-glucanase, had valine in the position corresponding to LicA Asp-70. 3, 6) Valine at this position may play a crucial role for the stability of this enzyme family. During With the hope of stepwise accumulation of beneˆ-cial mutations, 2011D was put through to DNA shuOEing, according to the method of Stemmer.
7)
Microtiter plate screening of theˆrst DNA shuOEing library identiˆed seven putative more thermostable variants that had one to three additional amino acid substitutions (Table 1) . However, all these variants did not show any increased heat resistance when they were puriˆed to homogeneity, demonstrating again that screening crude enzyme extracts was not reliable. To overcome the inconsistence of the crude and puried enzyme in thermostability, a membrane screening method was developed. Colonies from an LB agar plate were transferred onto a layer of nylon membrane. The membranes containing the transferred cells were laid onˆlter papers that had been wetted with a solution containing 50 mM Tris-HCl (pH 8.0), 1 mg of lysozyme per ml, and 1 mM EDTA, for 10 min. Cell debris on the membrane was washed away with 50 mM sodium phosphate buŠer (pH 6.5). Membranes were placed between two pieces ofˆlter paper and heated at 609 C for 10 min on a ‰at heating block. Heat-treated membranes were placed on the top of LB agar plates containing 0.05z lichenin. After incubation at 379 C for 2 h, the plates were stained to detect clear zones. Mutants obtained from microtiter plate screening (Table 1) were used to test the reliability of the membrane screening method.
Clones with a neutral mutation (i.e. S3, S104, etc) showed positive in microtiter plate assay but had similar thermal stability to wild-type enzyme in the membrane assay. The thermostable mutant 2011D retained higher activity than wild-type LicA after heat treatment in the membrane assay. The results demonstrated that the results obtained from membrane assay were consistent with the results of puried enzymes. Over 30,000 colonies were screened with membrane from the second DNA shuOEing library. However, no thermostable mutant was found.
In summary, we have created a number of mutant libraries of O. joyonii b-glucanase and screened a large population of clones. It has been found that the heat-resistance of crude enzyme preparation and puriˆed enzyme was not always consistent. Some unknown factor(s) in the crude enzyme preparation, such as ingredients of culture media, E. coli proteins, or cell metabolites, might interact with LicA enzyme and its variants and aŠect enzyme stability. When enzymes were transferred to a nylon membrane, such interference was eliminated. Thus, this membranescreening method seemed a more reliable and highe‹cient approach for identifying LicA thermostable mutants. A massive screening of mutant libraries of LicA identiˆed only one thermostable mutant. We suspect that the sequence space for improving the thermostability of LicA may be limited.
